The winter flounder (Pseudopleuronectes americanus) produces short, monomeric ␣-helical antifreeze proteins (type I AFP), which adsorb to and inhibit the growth of ice crystals. These proteins alone are not sufficiently active to protect this fish against freezing at ؊1.9°C, the freezing point of seawater. We have recently isolated a hyperactive antifreeze protein from the plasma of the flounder with activity 10 -100-fold higher than type I AFP. It is comparable in activity to the AFPs produced by insects, and is capable of conferring freeze resistance to the flounder. This novel AFP has a molecular mass of 16,683 Da and a remarkable amino acid composition that is >60% alanine. CD spectra indicate that the protein is almost entirely ␣-helical at 4°C but partially denatures at 20°C, resulting in a species with a moderately reduced helix content that is stable at up to 50°C. This transformation correlates with irreversible loss of activity. Analytical ultracentrifugation (sedimentation velocity and equilibrium) indicates that the predominant species in solution is dimeric (molecular weight, 32,275). Size-exclusion chromatography reveals a 2-fold higher apparent molecular weight suggesting that this molecule has an unusually large Stokes radius. The axial ratio of the dimer calculated from the sedimentation velocity data is 18:1, confirming that this protein has an extraordinarily long, rod-like structure, consistent with a novel dimeric ␣-helical arrangement. The structural model that best fits these data is one in which the ϳ195 amino acids of each monomer form one ϳ290-Å long ␣-helix and associate via a unique dimerization motif that is distinct from that of the leucine zipper and any other coiled-coil.
The winter flounder is adapted to the harsh environment of the inshore North Atlantic, where it can live in ice-laden water at temperatures that potentially go as low as Ϫ1.9°C, the freezing point of seawater. The flounder body fluids, which have an equilibrium freezing point of only Ϫ0.8°C (1), resist freezing, and this has been attributed to the presence of antifreeze proteins (AFPs) 1 (reviewed in Ref. 2 ). An AFP (later named type I, Ref.
3) was discovered in winter flounder 30 years ago (4) and has been extensively studied. Type I AFPs are small alanine-rich proteins of 37-48 residues that form a single amphipathic ␣-helix (5), with an underlying 11-amino acid repeat (6) . The 11-amino acid periodicity within the ␣-helix forms an alanine-rich face with intimate surface/surface complementarity to a pyramidal plane {20 -21} of the ice lattice, which mediates ice binding (7, 8) . Like other AFPs, type I AFP is thought to prevent ice growth by an adsorption-inhibition mechanism (9) : when AFPs are bound to the surface of an ice crystal, the addition of water molecules to the ice lattice is restricted to the exposed surfaces between protein molecules. This forces the ice to grow in less thermodynamically favored curved surfaces, thus lowering the non-equilibrium freezing point. Interaction of the AFP with the {20 -21} and equivalent pyramidal planes results in the formation of hexagonal bipyramidal ice crystals that remain stable indefinitely at temperatures between the equilibrium melting point and the lowered freezing point (10) . However, when the latter temperature is exceeded, the supercooled crystal grows very rapidly. The difference between this depressed freezing point and the unaffected equilibrium melting point is termed the thermal hysteresis (TH) activity of an AFP solution. The type I AFP isoforms that are comprised of three 11-amino acid repeats (HPLC 6 and 8) produce a maximum TH activity of less than 1 Celsius degree at concentrations above 20 mg/ml, and are present in the flounder plasma at a concentration of ϳ10 -15 mg/ml, which produces a TH of ϳ0.7 Celsius degree (1) . The four-repeat isoform (AFP-9) has higher specific TH activity, but is present at a much lower concentration, and therefore makes only a moderate contribution to the TH activity of the plasma (11) . The colligative freezing point depression produced by plasma solutes and the TH produced by AFPs are directly additive. However, even when these factors are combined, type I AFP is not sufficiently active to protect the flounder at temperatures as low as Ϫ1.9°C. This implicates the presence of other antifreeze factors in the blood plasma of this fish that might explain its survival. Surprisingly, TH activity of freshly collected plasma is more than 2 Celsius degrees in fish caught in Newfoundland waters in the winter months (12) . The ice crystals that formed in this plasma were more complex than the bipyramids produced by type I AFP and ranged from lemon shapes to elongated spindles (12) . However, if the plasma was warmed to room temperature and then assayed again, a substantial fraction of the TH activity was lost along with the unique lemon-shaped ice crystal morphology. This indicated that in addition to type I AFP, the plasma contained an unknown, highly active, thermolabile antifreeze factor. Here we describe the purification and characterization of this novel antifreeze protein.
EXPERIMENTAL PROCEDURES
Purification of the 17-kDa AFP-Blood plasma was collected from winter flounder caught in Newfoundland waters at ambient winter temperatures, pooled, and immediately frozen. This sample was thawed at 4°C and centrifuged to remove precipitate. On the basis of the observed thermolability of the newly discovered AFP, all purification steps were performed at 4°C or below. Thawed winter flounder plasma (50 ml) was loaded onto a 1.8-liter (5.0 ϫ 100 cm) Sephadex G-75 size-exclusion column and eluted with 100 mM ammonium bicarbonate (pH 7.9) at a flow rate of 1.2 ml/min and collected in 10-ml fractions. Fractions were assayed for TH using a Clifton nanoliter osmometer as described below.
A large peak of TH activity eluting just after the void volume was associated with spindle-shaped ice crystals. The fractions from this region were pooled (total volume of 200 ml), and the AFP(s) they contained were further purified by three successive rounds of ice affinity purification (IAP) using a temperature gradient of Ϫ1 to Ϫ5°C over 30 h (13, 14) . In this technique, a hemisphere of ice is slowly grown in a protein solution. The growing ice excludes solutes including most proteins, but AFPs adsorb to the surface of the ice, become overgrown, and are incorporated into the ice. Highly enriched AFPs can be recovered by melting the hemisphere. Because each ice fraction is of very low ionic strength because of the exclusion of salts, 20 mM ammonium bicarbonate was added to the melted ice fractions before proceeding with the subsequent round of IAP.
The few contaminating proteins still present after IAP were removed by DEAE ion-exchange resin. The final ice fraction was made up to 50 mM ammonium bicarbonate (adjusted to pH 7.0 with HCl immediately prior to this purification step) and stirred with the resin at 4°C. Contaminating proteins bound to the resin and were removed by centrifugation leaving the 17-kDa AFP in solution.
Preparation of Type I AFP-The two peaks of activity that eluted later from the Sephadex G-75 size-exclusion column and were associated with hexagonal bipyramidal ice crystals (12) were used as a source of type I AFP. The fractions associated with these peaks were pooled and loaded on an HPLC reversed-phase C 18 column. The proteins were eluted with a linear gradient of Buffer B (80% acetonitrile, 0.05% trifluoroacetic acid) from 20 to 50%, and the mass of eluted proteins was measured by MALDI-TOF mass spectrometry (Micromass Proteome Works System).
Thermal Hysteresis (TH) Measurements-TH activity was assayed using a Clifton nanoliter osmometer as described previously (15) . Briefly, a small drop of solution was suspended in immersion oil and snap frozen by a rapid deep cooling cycle. The resulting multicrystalline ice was warmed slowly and melted until only one small ice crystal remained, at which point the equilibrium melting temperature was noted. The temperature was then lowered continuously at a rate of ϳ40 mOsm per min (1 Osm ϭ 1.86 Celsius degree) until the depressed freezing temperature was reached, at which point the crystal grew suddenly and rapidly. Images of a growing ice crystal in a 0.05 mg/ml AFP solution were captured with a Nikon CoolPix 4500 digital camera at a rate of 15 frames per second. TH values were measured in duplicate or triplicate.
TH activity of the novel AFP was measured at six concentrations between 0 and 0.4 mg/ml. The protein was concentrated using a Centricon centrifugal concentrating device (3,000 MWCO) to produce the highest concentration assayed, and serial dilutions were made from this sample. The protein concentration of the master sample was determined by amino acid analysis (Advanced Protein Technology Centre, Hospital for Sick Children, Toronto, ON).
Determination of N-terminal Sequence and Amino Acid Composition-After three rounds of IAP, the partially purified AFP was electrophoresed by SDS-PAGE and electroblotted onto a polyvinylidene difluoride membrane. The band of apparent molecular weight 17,000 was cut out and used for N-terminal sequencing by Edman degradation (Advanced Protein Technology Centre, Hospital for Sick Children, Toronto, ON). Following the final purification step involving removal of impurities to DEAE-cellulose, an aliquot of the AFP solution was dried in a rotary vacuum concentrator for amino acid analysis and to determine the protein concentration.
Size-exclusion Chromatography-To estimate the apparent molecular weight of the novel AFP in solution, purified protein was chromatographed on a Sephacryl S-300 column (Amersham Biosciences, 320 ml, 26 mm ϫ 60 cm) that had been calibrated with the standard proteins thyroglobulin (bovine type I, 660,000), bovine serum albumin (66,000), and cytochrome c (bovine heart, 12,400) as well as blue dextran (2,000,000) (all from Sigma). The column was run with 150 mM ammonium bicarbonate, pH 7.9, at 1.0 ml/min at 4°C using an AKTA Explorer FPLC system (Amersham Biosciences). Fractions were assayed for absorbance at 230 nm and thermal hysteresis activity to determine the elution volume of the AFP. Because activity is lost at room temperature, a second sample was preincubated at room temperature for 1 h and run on the same column at 24°C to determine how the apparent molecular weight is affected by the structural alterations underlying activity loss.
Analytical Ultracentrifugation-Sedimentation experiments were performed at 4°C on a Beckman XLI Analytical Ultracentrifuge using an AN50-Ti rotor. The sedimentation equilibrium runs using six-channel charcoal-Epon cells were performed for 48 h before equilibrium absorbance measurements were taken at 230 nm. A protein concentration of 0.07 mg/ml in 10 mM sodium phosphate (pH 7.0) was centrifuged at seven speeds (26,000 rpm, 30,000 rpm, 34,000 rpm, 37,000 rpm, 40,000 rpm, 44,000 rpm, and 47,000 rpm). Molecular weight determinations involved global analysis of sedimentation data at different speeds. Molecular weights were calculated using Beckman XLI data analysis software in which absorbance versus radial position data were fitted to the sedimentation equilibrium equation using nonlinear leastsquares techniques. The partial specific volume and density of the sample were calculated using the program SEDNTERP (16) from the amino acid sequence and buffer composition, respectively. It should be noted that sedimentation equilibrium measurements of molecular weight are unaffected by the shape of the molecule.
Sedimentation velocity measurements using double sector charcoalEpon cells equipped with quartz windows were performed at 4°C on samples 0.07 mg/ml in 10 mM sodium phosphate (pH 7.0) centrifuged at 37,000 rpm, and concentration distributions were determined using absorbance optics. Sedimentation coefficient distributions were determined using the program SEDFIT, which fits the sedimentation velocity data directly to the Lamm equation and uses mathematical methods to obtain a numerical solution to this equation (17) . SEDNTERP was used to calculate the hydration (0.4012 g/g of protein) and the partial specific volume (0.7392 ml/g).
Circular Dichroism (CD) Spectroscopy (Secondary Structure)-CD Spectra were measured on an Olis Rapid Scanning monochromator with a DSM (digital subtractive method) CD module (Olis, Bogart, GA) using a quartz cuvette of 1-mm pathlength (Hellma 121-QS). The temperature of the cuvette was maintained by a circulating water bath (Julabo) controlled by a temperature sensor located in the cuvette holder. The protein sample was dialyzed extensively against 10 mM sodium phosphate (pH 7.0) at 4°C, and this dialysis buffer was scanned repeatedly to establish an average baseline circular dichroism, which was subtracted from subsequent scans of the protein solutions. Wave scans were performed by sampling data at 0.69-nm intervals between 260 and 180 nm. The scanning rate (nm/min) was automatically selected by the Olis software as a function of the signal intensity to optimize data collection. The results were expressed as mean residue molar ellipticity (deg⅐cm 2 /dmol) at each wavelength. The protein concentration was determined by amino acid analysis. The composition of the secondary structure elements of the protein was deconvoluted from the CD spectrum (180 -260 nm) using the neural network-based software CDNN version 2.1 (18) . Predictions were made by CDNN networks that had been trained on both a simple set of 13 proteins and a complex set of 33 proteins.
Thermal Stability-The 17-kDa AFP irreversibly loses activity at room temperature. We investigated the effect of increasing temperature on the secondary structure of the protein using CD. A sample was warmed slowly from 4 to 18°C, and several spectra were collected and averaged at each temperature (4, 11, 15 , and 18°C). The first appreciable changes in the spectrum occurred at 18°C. The sample was then warmed to 20°C, and individual spectrum were collected by scanning from 260 to 180 nm over a period of 6 min. These scans were continued until the spectrum ceased to change. At this time, the temperature was increased in increments up to 60°C, and several scans were collected at various temperatures (22, 25, 30, 38, 50, 54, 60°C) .
The protein sample was diluted with an equal volume of trifluoroethanol (TFE), adjusted to 10 mM sodium phosphate (pH 7.0), and scanned over a range of temperatures to determine the effect of 50% TFE on the structure and stability of the protein.
In a separate experiment, a melting curve was derived. A protein sample of concentration 4.8 M, also in 10 mM sodium phosphate (pH 7.0), was warmed slowly whereas CD spectra were continuously collected from 225 to 185 nm at 1-nm intervals. The rate of temperature increase was varied to collect more data at the temperatures at which transitions occurred. The sample was warmed from 4 to 18°C over ϳ2 h and then warmed more slowly from 18 to 21°C over a period of 1 h. The temperature was then increased from 21 to 50°C in 1.5 h, from 50 to 55°C over about 1 h, and from 55 to 80°C in 0.5 h. Afterward, the heated sample was centrifuged, and amino acid analysis was used to determine whether the protein remained soluble.
To investigate the degree to which the low temperature transition at 20°C is reversible, a second sample was warmed from 15 to 25°C over 0.5 h, then cooled to 8°C over a period of 1 h. Meanwhile, CD spectra were collected between 225 and 185 nm at 1-nm intervals. The sample was then stored at 4°C overnight and scanned again.
RESULTS

Purification of the 17-kDa AFP-
The traditional first step in purification of type I AFP from winter flounder plasma, Sephadex G-75 size-exclusion chromatography (11), was used here to remove these small contaminating AFPs from the 17-kDa AFP. Their separation was 100% effective (12) . The type I AFP eluted late in the column profile as two overlapping peaks. To complete their identification, the trailing peak was further fractionated by reversed-phase HPLC (not shown). It contained type I isoforms HPLC-6 and -8 as confirmed by their elution profiles (28 and 30% acetonitrile, respectively) and masses (3, 329 .98 Da and 3,226.01 Da, respectively) determined by MALDI-TOF mass spectrometry. The leading peak contained a species of mass 4,282.24 Da, consistent with the type I isoform AFP-9 (11).
The main peak of TH activity eluted shortly after the void volume containing the bulk of the plasma proteins. The latter were largely removed by three cycles of ice affinity purification (13) . The third and final purification step made use of the high pI value for the 17-kDa AFP to batch adsorb the remaining contaminants to DEAE-cellulose. SDS-PAGE analysis of the unbound protein showed a single band of apparent molecular weight 17,000 (Fig. 1, panel a) . By MALDI-TOF mass spectrometry this protein had a monomeric mass of 16,683.04 Da.
TH Activity and Ice Crystal Morphology-The (equilibrium) melting points and (depressed) freezing points of solutions of the purified AFP were assayed (Table I ) and used to produce a standard curve of TH activity versus protein concentration (mg/ml) ( Fig. 1, panel b) . Between the concentrations of 0.05 mg/ml and 0.4 mg/ml, the shape of this curve resembled that of other AFPs, showing a dependence of activity on concentration that appears roughly hyperbolic. However, this protein was highly active, producing more than 2 Celsius degrees of TH activity at a protein concentration of 0.4 mg/ml. In comparison with the flounder type I AFP and the AFPs from other fish, the activity of this protein is exceptional. Compared with other fish AFPs at equivalent concentrations, its TH activity is Ͼ10-fold higher, whereas a comparison of the concentration required to achieve a given TH value reveals that the novel AFP produces TH activity equivalent to that of other fish AFPs at concentrations as much as 100-fold lower. This level of TH activity is similar to that of the hyperactive AFPs produced by the insects Tenebrio molitor and Choristoneura fumiferana (19, 20) . At low concentration (0 -0.05 mg/ml), the TH activity curve of this AFP differs from most AFPs in that the activity drops off rapidly as the protein concentration is decreased below 0.02 mg/ml. This produces an inflection point in the curve and gives a sigmoidal appearance to the low concentration region of the graph.
As noted previously (12) , the morphology of the ice crystals resembled lemons or spindles (Fig. 2, panel a) . We have since observed that the aspect ratio of these crystals varies with the TH activity of the solution and the cooling rate; high TH and slow cooling rates favor compressed crystals with a short c-axis dimension, whereas low TH activity or rapid cooling rates allow the crystal to elongate along the c-axis, producing an extended spindle. When these ice crystals become supercooled beyond the TH gap, ice growth begins from a point between a tip and the equator of the spindle and propagates perpendicular to the c-axis (Fig. 2, panels b-d) . Ice growth normally originates from one weakly protected point and does not occur simultaneously from the other equivalent surfaces of the crystal.
N-terminal Sequence and Amino Acid Analysis-N-terminal sequencing of the 17,000 band excised from the polyvinylidene difluoride membrane produced a unique sequence, XID-PAARAAAAA, where X could be Asn, Thr, or Ala. This sequence is similar to that at the N terminus of the predicted 5a gene product (IDPAAKAAAAA) (21) , but differs in the presence of an additional residue and the conservative replacement of the basic residue. Amino acid analysis of the sample that had been purified to homogeneity using DEAE-cellulose revealed an exceptionally alanine-rich composition (Ͼ60 mol %) that was also abundant in threonine (13 mol %) but contained much lower quantities of the other amino acids, including leucine and phenylalanine that are typically associated with a hydrophobic core. The amino acid composition of this sample was similar to (but distinct from) the composition of the hypothetical product of the 5a gene (Table II) . Circular Dichroism Data Indicate the AFP Is Entirely ␣-Helical-To analyze the secondary structure of this protein, CD spectra were collected. The CD spectrum of a sample of concentration 7.7 M collected at 4°C between 260 and 180 nm resembled the archetypical ␣-helical spectrum with a maximum at short wavelength followed by two minima at longer wavelengths. However, this CD spectrum deviated from the classic spectrum of a helix (22) in that it was of higher amplitude, and the magnitudes of the two minima were far from equal (Fig. 3, panel a) The secondary structure was also assessed using neural network-based CD deconvolution software. Using the program CDNN, trained with the simple set of spectra, the secondary structure of the protein was estimated to be 98.2% ␣-helix and 5.2% ␤-turn with a very small contribution (0.5%) of random coil (total 104.1%). Trained with the complex set of proteins, CDNN also interprets the secondary structure as almost entirely helical (96.1%); however, the non-helical elements are attributed mainly to antiparallel ␤-sheet (1.9%) and random coil (4.1%), where the total of all elements was 102.7%.
Thermal Denaturation of the AFP-This AFP loses its TH activity at room temperature, presumably because of an induced structural change that disrupts the ice binding face. To 3 . CD spectra of the 17-kDa antifreeze protein, effect of increasing temperature and addition of TFE. Panel a, average of six CD spectra collected at 4°C from a 0.14 mg/ml protein solution in 10 mM sodium phosphate (pH 7.0) buffer. Smoothing functions were not applied to the data presented in any of these panels. Panel b, averaged spectra collected with increasing temperature: 4 (dark blue), 11 (pink), 15 (green), and investigate the structural nature of this denaturation event, the protein sample was analyzed by CD over a range of temperatures from 4 to 60°C. There was little change in the CD spectrum until the temperature was increased to 18°C, at which point the magnitude of the signal decreased across the spectrum, with the 221.4-nm minimum decreasing by 10% (Fig. 3, panel b) . When the temperature was increased to 20°C, the amplitude of the CD spectrum began to decrease slowly, approaching a spectrum with a 189.7-nm maximum that was only 38% as large as that of the 4°C spectrum, over a duration of about 30 min. This resulting spectrum remained relatively stable. As the protein denatured over this time period, six spectra were collected, each requiring a duration of 6 min (Fig. 3, panel c) . Because the spectra were very intense, single scans were of adequate quality for analysis, so it was not necessary to average several scans. As the intensity of the signal decreased, the amplitude of the mean residue ellipticity at 221.4 nm was affected more strongly than that at 209.7, as they decreased by 55 and 44%, respectively.
Several CD spectra were collected at 22°C and averaged (Fig. 3, panel d) . At this temperature, the spectrum still appeared to have a classical ␣-helical form, with a maximum mean residue ellipticity occurring at 189.7 nm with a value of 46,057 deg⅐cm 2 /dmol. The first minimum was found at 206.2 nm, a slightly lower wavelength than that of the 4°C spectrum, and had a value of Ϫ28,880 deg⅐cm 2 /dmol. The second minimum, which did not shift from 221. 4 209 .7 ratio at 22°C was close to 1.0). The deconvolution of the secondary structure at 22°C by CDNN trained with the simple set of proteins was 63.2% ␣-helix, 14.0% ␤-turn, and 7.6% random coil with a small contribution of ␤-sheet (total 89.1%), whereas the complex set produced an estimation of 60.2% ␣-helix, 35.7% random coil, and 16.7% ␤-turn with small amounts of ␤-sheet (total 117.6%). All spectra collected within this temperature range intersected at an isodichroic point found at 203.5 nm with a mean residue ellipticity value of approximately Ϫ25,000 deg⅐cm 2 /dmol. To observe the behavior of the protein above room temperature, the sample was slowly warmed to 54°C, and several spectra were collected at 25, 30, 38, 50, and 54°C (Fig. 3, panel d ). There were no substantial changes in the spectra collected at these different temperatures. As the protein was heated further, a second denaturation event occurred between 55 and 59°C, whereby the spectrum changed over 20 min to a weak signal with a maximum of 13,740 deg⅐cm 2 /dmol at 193.1 nm and a minimum at 223.4 nm of Ϫ6,941 (Fig. 3, panel e) . The signal continued to decrease gradually as the temperature was increased to 70°C.
Effect of the Solvent TFE-We also collected spectra in 50% TFE to observe its effect on helix content and thermal stability. The spectrum in TFE at 4°C was of similar overall magnitude to that in aqueous buffer; however, this solvent affected the ratio of the two minima, resulting in a CD spectrum that more closely resembled that of a classical helix. The magnitude of the 189.7-nm maximum was 13% smaller, whereas the minimum found at 206.9 nm of Ϫ52,518 deg⅐cm 2 /dmol was 6% larger and downshifted in wavelength compared with the 209.7-nm minimum in aqueous buffer (Fig. 3, panel f) . The second minimum, which occurred at 220 nm had a magnitude of Ϫ50,776 (18% smaller than the 221.4-nm minimum in aqueous conditions) and the ratio of the two minima ([] 220 /[] 206.9 ) was 0.97. The helix content of the AFP in 50% TFE as determined by CDNN was similar to (but slightly lower than) that in aqueous buffer (97.3% ␣-helix, 104.4% total based on simple spectra); however, in the presence of the solvent, the helicity of the protein was dramatically more resistant to heat. There were small decreases in the intensity of the spectrum with each temperature increase, but the large cooperative changes that occurred in aqueous buffer at 20 and 55°C did not occur at any temperature in TFE (Fig. 3, panel g ). The form of the spectra and the ratio between the two minima remained unchanged with increasing temperature. The 206.9-and 220-nm minima decreased in magnitude by 8% at 20°C, 15% at 30°C, 22% at 40°C, and 34% at 60°C. It was estimated by CDNN that the protein was 96.0% ␣-helical at 25°C and 90.6% ␣-helical at 60°C.
Denaturation Curves-To illustrate the dependence of the maximum and minima on temperature and to examine the nature of the 20 and 55°C transitions in aqueous buffer solution, a sample was warmed from 5 to 70°C, and the mean residue ellipticities at three wavelengths, 190, 208, and 222 nm, were plotted against temperature (Fig. 4, panel a) . Although these wavelengths do not represent the absolute peaks, they are commonly reported for ␣-helices and were chosen because the exact position of the peaks varied slightly with temperature changes.
At the first transition, there was a sigmoidal-like decrease in the amplitude of the mean residue ellipticity at all three wavelengths with an inflection point at ϳ20°C. The 208-and 222-nm curves cross during this transition because the ellipticity at 222 nm is affected more than that at 208, as described above. The ellipticities at the three wavelengths were then relatively stable until the second sigmoidal transition occurred at 52.5°C. As the sample was heated to 70°C, the ellipticity at all three wavelengths continued to decrease gradually. To determine whether the second transition was reversible, this sample was stored overnight at room temperature and scanned again (Fig. 4, panel a, open symbols) . There was no recovery of the ellipticity, and it was determined by amino acid analysis that ϳ95% of the protein had precipitated.
To investigate whether the 20°C transition was reversible, a sample was heated to 20°C, and then cooled (Fig. 4, panel b) . As the sample melted, the mean residue ellipticity at 222 nm decreased by 56%. After cooling to 8°C over 1 h, 26% of the lost ellipticity was recovered, and after storage at 4°C overnight, this value increased to 74%. However, the activity of the protein was not restored in proportion to the ellipticity. The recovered sample had only ϳ20% of the TH activity that the original sample possessed, and on the basis of the non-linear shape of the standard activity curve, it can be inferred that less than 20% of the protein population regained full activity.
The 17-kDa AFP Associates as a Highly Asymmetric DimerThe molecular weight of the protein was determined by analytical ultracentrifugation in a sedimentation equilibrium experiment, which is not affected by the shape of the protein. The data produced a good fit (random residuals, low variance) to a monomer-dimer model, where the predominant species was a dimer with a mass of 32,275 Da (Fig. 5, panel a) . As an independent method to determine the state of multimerization in solution and to measure the axial ratio of the protein, we used sedimentation velocity ultracentrifugation and Lamm equation modeling. An analysis of molecular weight by sedimentation velocity determined that at 4°C and 0.07 mg/ml, there is a distribution of molecular weights surrounding a peak at 33,000 (Fig. 5, panel b) , as well as a second, much smaller peak of higher molecular weight. Again, the most abundant species appears to be a dimer of the 16.683 kDa protein.
Thus two different AUC methods both indicate that the protein exists mainly in a dimeric form.
The sedimentation velocity analysis also estimates the axial ratio of the protein. The frictional ratio f/f o of the dimer was calculated, where f is the translational frictional coefficient of the protein and f o is the theoretical coefficient for a spherical protein of the same mass. The frictional ratio of the dimer was calculated to be 2.213, indicating a high degree of asymmetry. From this frictional ratio, the axial ratio of the protein (a/b) was calculated to be 17.97 for a prolate ellipsoid (cigar-shaped) or 20.40 for an oblate ellipsoid (discus-shaped) using the program Sedfit (17) . Considering the helical structure of the protein it is likely that it resembles more closely a prolate rather than an oblate ellipsoid.
As an independent method to assess the asymmetry of the protein, we used size-exclusion chromatography to measure its apparent molecular weight. Based on the chromatogram of absorbance at 230 nm, the protein eluted from a calibrated S-300 column with an apparent molecular weight of 66,000 (Fig. 6) . It was confirmed by TH assays that the peak of apparent molecular weight of 66,000 contained the active form of the protein. When the AFP was preincubated for 1 h at room temperature, it lost Ͼ90% of its activity and eluted from the S-300 column in the void volume, consistent with severe aggregation (dashed profile in Fig. 6 ). Taken together, the AUC and gel filtration data indicate that the protein is mainly dimeric in solution and that the structure of the dimer is highly asymmetric, probably that of an extended rod. DISCUSSION We have characterized a 17-kDa AFP from winter flounder that has not been discovered until recently (12) because it is so thermolabile that it rapidly loses activity at room temperature. This novel AFP has very high thermal hysteresis activity at low protein concentration, producing more than 2 Celsius degrees of TH activity at a concentration of less than 0.5 mg/ml. At its circulating concentration of ϳ0.2 mg/ml, this AFP supplements the smaller AFPs to provide more than adequate thermal hysteresis to protect the fish down to the freezing point of seawater, Ϫ1.9°C. The TH activity of this AFP is Ͼ10-fold higher than that produced by type I AFP at equivalent concentrations, and this novel AFP can match the activity of type I with concentrations as much as 100-fold lower. Indeed, it is the only known fish AFP with a specific activity comparable to that of insect AFPs (12) . Fish AFPs typically have ϳ1 Celsius degree of TH at 10 mg/ml, whereas insect AFPs produce 3-4 Celsius degrees of TH at one-tenth this concentration. We were interested in the basis for two unusual properties of this AFP: its extraordinarily high activity as well as its extreme lability.
The amino acid composition is very alanine-rich and quite similar to that of the type I AFP. However, the 17-kDa monomer is five times larger than the most abundant 3.3-kDa type I AFP isoform, which is known to form one continuous monomeric ␣-helix (5, 25) . Given the similarity in amino acid composition, it is not surprising that the CD spectra show that the larger protein is also fully ␣-helical at low temperatures. The novel AFP has an abundance of alanine, which has high propensity to form helices, and a paucity of helix breakers like Gly and Pro (one of which is in the immediate N-terminal region). Because the protein is almost entirely helical at low temperature, the helix-stabilizing solvent TFE did not increase the helicity at 4°C; however it did reduce the thermolability of the protein.
Analytical ultracentrifugation analysis provided two surprising results. The first is that the protein is a dimer in solution with a molecular weight of 32,000 -33,000. AFPs are typically monomeric, and for type III AFP, it has been shown that monomers function independently at the ice surface (26) . The only other documented example of a dimeric AFP is that of type II from rainbow smelt (27) . It is not clear if dimerization of smelt AFP has any effect on activity, because its homologs from herring and sea raven are clearly active as monomers. In fact, it was suggested that dimerization may decrease the activity of smelt AFP by decreasing the effective concentration of ice binding units. However, in this study we have evidence that the flounder AFP dimer must be intact for the AFP to have activity.
The other surprising result from analytical ultracentrifugation was the extreme asymmetry of the protein. With an axial ratio of 18:1 and the remarkable degree of helical secondary structure, it seems likely that the protein is one long helical dimer.
The high apparent molecular weight determined by gel permeation chromatography confirms the asymmetry of this molecule. An ␣-helix comprised of ϳ195 residues, the estimated number of amino acids in the monomer (Table II) , would be ϳ290-Å long based on the rise of 1.5 Å per ␣-helical residue. The observed axial ratio is consistent with a pair of ϳ290-Å long helices associated side-by-side to form an extended dimer with a width of ϳ16 Å. This width is in line with the C␤ to C␤ dimension (chosen to reflect the abundance of Ala in the AFP) of paired helices seen in both coiled-coil proteins (e.g. tropomyosin, PDB entry 1IC2) and helix bundles (e.g. apolipophorin III, 1EQ1 and ribosome recycling factor, 1DD5) (28) . Whereas these dimensions raise the possibility that the dimer might be a coiled-coil, either left-handed or right-handed, some of the results seem incompatible with this type of structure. The amino acid composition of the AFP indicates a paucity of the hydrophobic residues that form the dimerization interface of other coiled-coil proteins. Sequences known to form coiled-coils are normally comprised of at least 28% hydrophobic residues like Leu, Ile, and Val (2 in each 7-amino acid repeat in a left-handed and 3 of 11 in a right-handed coiled-coil) (29) . The dearth of hydrophobic residues (ϳ10% Leu, Ile, and Val) suggests that the AFP probably could not form a long coiled-coil, although it is conceivable that if these amino acids were clustered in the sequence, an isolated segment of the protein could assume a coiled-coil structure. However, the extraordinary instability of the helix to even moderate temperatures argues against this tertiary structure. One might expect a coiled-coil to be more stable. The protein even seems to denature during concentration through centrifugal filters, perhaps because of shearing forces. The loss of activity from this handling or from denaturation at room temperature is not freely reversible on cooling.
The CD spectrum of this AFP deviates slightly from the classical helical spectrum in that the mean residue ellipticity at 222 nm was of substantially higher magnitude than that at 208 nm. Thus the [] 222 /[] 208 ratio was larger than one, which is a characteristic feature of the CD spectra of coiled-coil structures (30 -32) . Whereas this ratio may suggest the presence of a coiled-coil, it is better explained by the exceptional amino acid composition. The CD spectrum of this protein also differs from that of most other ␣-helical proteins in the magnitude of the ellipticity values. Indeed the mean residue ellipticity of Ϫ61,758 deg⅐cm 2 / dmol occurring at the 221.4-nm minimum is larger than the theoretical value of Ϫ40,000 commonly used for the mean residue ellipticity at 222 nm of a 100% helical peptide of infinite chain length (22) . Again, this can be attributed to the high Ala content of the AFP (24, 39) . Ala-rich helical proteins produce high intensity CD spectra, and the mean residue ellipticity at 222 nm for a very long, Ala-rich helix was estimated to be to be Ϫ60,000 Ϯ 1,000 deg⅐cm 2 222 suggests that the AFP is entirely ␣-helical, and confirms the results of the CDNN neural network-based analysis.
The structural basis for the anomalous CD spectra of alanine- rich helices is not clear, but it has been speculated that it is a structural variation in the ␣-helix itself (23 222 by 6% at low temperature and stabilized the ellipticities at both wavelengths against increasing temperature (23) . Thus it appears that the unique structure of alanine-rich helices that gives rise to anomalous spectra at low temperature is disrupted by TFE as well as heat. Because TFE stabilizes helices by desolvating the peptide backbone (41) and promoting intrahelical hydrogen bonding, it might be expected to shift the equilibrium from ␣ II -to ␣ I -helix. The suggestion that the backbone carbonyl groups of alanine-rich helices may have an unusual propensity to hydrogen bond to water at low temperatures has fascinating implications for the interaction between the alanine-rich ice binding faces of helical AFPs and the crystalline form of water.
The AUC and CD results indicate that the structure of this protein is dimeric and helical, but the amino acid composition is not consistent with a leucine zipper/coiled-coil motif. This suggests the presence of a novel protein/protein interface to mediate the dimerization of two helices.
The transition in CD spectra at ϳ18 -20°C seems to coincide with activity loss. Based on CD spectra the AFP is still largely ␣-helical after the transition but presumably not organized for ice binding. Even though much of the helicity can be restored on cooling, most of the activity loss is irreversible, suggesting the recovery of secondary but not tertiary or quaternary structure.
In trying to account for the superior TH activity of this protein, it is clear that specific activity increases with the size of the AFP (26) , particularly when it also increases the surface area of the ice binding site (11, 20, 42, 43) . This is the general trend in both insect and fish AFPs. Among insect AFPs, a natural isoform of the spruce budworm AFP with 8 ␤-helical loops is three times more active than the abundant 6-loop isoform (42) , and an engineered variant of the T. molitor AFP with two added coils is twice as active as the wild-type AFP from which it was derived (20) . In fish, the larger antifreeze glycoproteins (AFGPs 1-5) are considerably more active than the shorter ones (AFGPs 6 -8) (44) . Tandem repeats (referred to as dimers) of type III AFP, both natural and artificial, show significantly increased TH activity (43, 45) , particularly when the additional AFP domain can simultaneously engage the ice surface. Even within type I AFPs, the AFP9 isoform that has an extra (fourth) 11-amino acid repeat has noticeably higher activity than the more abundant three-repeat isoforms (11) . The dimer formed by the 17-kDa flounder AFP is more than 10 times larger than the small type I AFP isoforms and almost 8 times larger than AFP-9. Whereas it is not yet clear how the ice binding site area scales with this increase, the highly extended structure of the dimer is an ideal scaffold for presentation of a large surface with potential for adsorption to ice.
Previously discovered fish AFPs have not come close to equaling the TH activities of insect AFPs. Therefore, it seems likely that the basis of the extraordinary activity of this flounder AFP involves more than simply extending the length of type I AFP. We attribute the hyperactivity of insect AFPs to their ability to bind more than one ice plane, and in particular to preventing growth along the c-axis (46) . It has been demonstrated experimentally that spruce budworm AFP binds to both the prism and basal planes of ice. The complex ice crystal morphology seen with the dimeric flounder AFP resembles the lemon-shaped ice crystal produced by T. molitor AFP (47) , which has been proposed to bind both prism and basal planes on the basis of an ice lattice-matching model (48) . Like the insect AFPs, the ice crystals inhibited by this novel AFP burst in the plane of the a-axes, whereas other fish AFPs induce crystals to grow along the c-axis when the TH gap is exceeded. This suggests that in the dimer of 17,000, AFPs may protect the basal plane from ice growth.
The sigmoidal shape of the TH versus [AFP] activity curve is also unusual and might reflect the uncommon dimeric quaternary structure of this AFP. The inflection point at ϳ0.02 mg/ml suggests either a cooperative step in the mechanism of ice binding or a concentration below which dissociation of the dimer (and hence loss of activity) becomes substantial. As stated earlier, multimerization is uncommon for AFPs. The only other example of a dimer, smelt AFP, seems to produce a typical standard curve with a hyperbolic rather than sigmoidal appearance (49) . Sigmoidal character to the TH versus [AFP] activity curve has also been observed with the smaller AFGP but not the larger ones (50) and has been seen with an AFP from an Antarctic bacterium.
